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Abstract 
Ambient noise seismic interferometry (ANSI) is a method that uses passive noise created 
by unknown sources such as local or teleseismic earthquakes, waves, wind, fracturing and 
fault movement in a reservoir to obtain an image of subsurface. ANSI has been used in 
some various disciplines, including earthquake engineering, time-lapse monitoring, 
borehole seismology and seismic exploration for years. Compared to conventional active 
seismic surveys, it is advantageous in terms of cost-efficiency as no active source such 
dynamite or vibroseis is used. Although many promising results have been obtained from 
surface wave ANSI, body wave ANSI is still challenging. Such a challenge might stem 
from the inherent lower amplitude of the body waves compared to the surface waves. To 
improve body ANSI, many methodologies based on seismic data processing and 
acquisition have been proposed.  
The main objective of this study is to answer this question whether the zero-offset vertical 
seismic profiling (VSP) can provide additional information of subsurface in ANSI surveys 
if it is included along the conventional surface seismic data acquisition. Thus, I evaluate 
two different data acquisition techniques, surface seismic and zero-offset VSP data 
acquisitions for recovering body wave data from ANSI. To assess each of these data 
acquisition approaches on ANSI results, I created three different geological models (from 
more homogenous (simple) to more complex). In addition, for each geological model, I 
assumed different numbers of noise sources and noise boundaries using the finite-
difference method. After retrieving reflection responses, the results obtained for surface 
seismic and zero-offset VSP were compared with the synthetic seismogram. 
According to the results, when the geology is homogeneous (i.e., flat layering), the source 
distribution is wide and the number of point sources is high, the surface seismic data 
acquisition offers a better image of subsurface compare to VSP. However, once the geology 
becomes more complex, the source distribution is narrow, and the number of sources is 
limited, the VSP method can detect some of layers that have not been identified by the 
surface seismic method. Nevertheless, as I show, by combining the results from the two 
methods, we can obtain a better idea about subsurface layering. In other words, the two 
methods can complement each other. Thus, I propose the simultaneous surface seismic and 






Ambient noise seismic interferometry (ANSI) is a method based on constructing Green’s 
function or seismic impulse response via the signals recorded by a pair of geophones 
(Schuster 2004; Wapenaar and Fokkema, 2006). Conventionally, the signal recorded by 
one receiver is cross correlated with the signal recorded by the other receiver. The resulted 
signal is a virtual seismic signal when the location of one of the receivers is regarded as 
the virtual source location and the location of the other receiver as the virtual receiver 
location.  
The idea of seismic imaging using ANSI goes back to Claerbout (1968) who conjectures 
that signals from seismic sources randomly distributed in subsurface can provide an image 
of subsurface geological structures.  Following Claerbout (1968), many studies have been 
conducted on ANSI. Weaver and Lobkis (2001) verified the possibility of seismic imaging 
via ANSI for ultrasound waves by assuming wavefield diffusivity. Wapenaar (2004) 
showed the possibility of ANSI imaging without the assumptions of wave field diffusivity. 
Derode et al. (2003) investigated the relationship between interferometry and time-reversed 
wavefields. Snieder (2004) demonstrated that direct source-receiver arrivals occur when 
the signal is stationary. Schuster et al. (2001, 2004) extended Claerbout’s acoustic daylight 
imaging to arbitrary source distributions or any number of sources. Campillo and Paul 
(2003) conducted studies on the correlation of coda waves and impulse response 
reconstruction. Bakulin and Calvert (2004) performed a new approach that created a virtual 
source in borehole location. More developments of ANSI include surface tomography 
imaging (Shapiro and Campillo, 2004; Sabra et al., 2005), regional tomography imaging 
(Shapiro et al., 2005; Yao et al., 2006), and monitoring the inner parts of volcanoes (Sens-
Schönfelder and Wegler, 2006; Brenguier et al., 2008). 
Researchers also used seismic interferometry to retrieve body waves through passive 
seismic data (e.g., Ravi Kumar and Bostock, 2006; Tonegawa et al., 2009; Ruigrok et al., 
2011; Roux et al., 2005; Hohl and Mateeva, 2006; Draganov et al., 2007; Draganov et al., 
2009; Zhan et al., 2010; Ruigrok et al., 2011; Xu et al., 2012). Recently, Sager et al. (2018) 
investigated the full waveform ambient noise inversion that aims to extract the Green’s 
function. Sager et al. (2020) presented the first application about full-waveform ambient 
noise inversion to image subsurface. Tkalčić et al. (2020) utilizes coda wavefield to 
investigate the earth’s deep structure in earthquake seismology. Fichtner at al. (2016) 
developed an extensive full-waveform theory that can be used for seismological data. 
Recently, some remarkable studies on ANSI have been carried out, particularly regarding 
CO2 sequestration. One of these studies was carried out at the Ketzin CO2 storage site, 
Germany, and the ANSI method succeeded in obtaining a reflection image from body wave 
noise (Paap et al., 2014, Xu et al., 2012). Boullenger et al. (2015) verified the ability of the 
ANSI method to monitor the impedance changes initiated from CO2 injection. Tsuji et al. 
(2016) applied three correlation techniques to passive data during water injection 
operations reservoir monitoring. Zhou et al. (2017) retrieved both P-waves and S-waves 
for reservoir monitoring from ANSI data. Cao and Askari (2019) compared three methods 
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of cross-correlation, deconvolution, and cross-coherence in ambient noise seismic 
interferometry (ANSI) to monitor the impedance variations during CO2 sequestration. 
Seismic interferometry is also used in borehole seismology, which might provide a higher 
resolution of subsurface compared to the surface seismic acquisition method. He et al. 
(2006) and Jiang et al. (2007) investigated interferometric migration using VSP multiples. 
Several works are conducted to image flanks using VSP data (Lu et al., 2008; Hornby and 
Yu et al., 2007; Xiao et al., 2006; Willis et al., 2006). Wang et al. (2010) noted that the 
primary waves and ghosts together can display subsurface reflectors using the walk away 
VSP data. Matsushima et al. (2016) examined the attenuation prediction with the help of 
zero-offset VSP data. Bharadwaj et al. (2018) developed a new method called focused blind 
deconvolution (FBD), demonstrating the advantages of this method, which uses synthetic 
seismic during drilling works nearby and ahead of borehole. 
Numerical modeling is an important tool to optimize various acquisition scenarios to 
improve seismic imaging via ANSI. Thorbecke and Draganov (2011) investigated the 
effects of several parameters such as a number of sources, noise recording time, and source 
locations through a 2D finite-difference wavefield modeling code (fdelmodc) (Thorbecke, 
2011). Given the promising results of VSP ANSI, the purpose of this study is to determine 
when and how the zero-offset VSP data acquisition can contribute to subsurface imaging 
and complement the results obtained from conventional surface seismic data acquisition. 
To this aim, I assume four different noise boundaries, and the three geological models. In 
addition, I consider various number of sources for a given geological model and source 
distribution. I use fdelmodc to generate ambient noise data. To retrieve body wave data, I 
apply the conventional cross-correlation technique. After doing the necessary data 
processing steps for surface seismic and zero offset VSP methods, the reflection responses 
of the subsurface layers are obtained. The outputs of two methods are compared to evaluate 
their performances to image subsurface structures. 
3 
2. Theory 
2.1 Green’s Function in Seismic Interferometry  
Seismic interferometry is a method predicting the Green’s function between two receivers 
by cross-correlation of the traces recorded in these receivers and stacking of these traces 
(Wapenaar and Fokkema, 2006). For an inhomogeneous and lossless acoustic medium if 
we denote Green’s function by 𝐺𝐺(𝑥𝑥, 𝑥𝑥𝐴𝐴, 𝑡𝑡), where 𝑥𝑥 and 𝑥𝑥𝐴𝐴 are the source position and 
geophone locations at the surface respectively, and 𝑡𝑡 denotes time, then the Fourier 
Transform is of Green’s function is        
𝐺𝐺�(𝑥𝑥, 𝑥𝑥𝐴𝐴, 𝑡𝑡) = ∫ 𝑒𝑒𝑥𝑥𝑒𝑒( − 𝑗𝑗𝑗𝑗𝑡𝑡)𝐺𝐺(𝑥𝑥, 𝑥𝑥𝐴𝐴, 𝑡𝑡)𝑑𝑑𝑡𝑡
∞
−∞                              (1) 
If we assume that there is a point source in  𝑥𝑥𝐴𝐴, the acoustic pressure 𝐺𝐺(𝑥𝑥, 𝑥𝑥𝐴𝐴, 𝑡𝑡) is given by 
𝜌𝜌𝜕𝜕𝑖𝑖((1/𝜌𝜌(𝑥𝑥))𝜕𝜕𝑖𝑖𝐺𝐺�(𝑥𝑥, 𝑥𝑥𝐴𝐴,𝑗𝑗)) + (𝑗𝑗2/𝑐𝑐2(𝑥𝑥))𝐺𝐺�(𝑥𝑥, 𝑥𝑥𝐴𝐴,𝑗𝑗) = -jw𝜌𝜌𝜌𝜌(𝑥𝑥 − 𝑥𝑥𝐴𝐴)      (2) 
where 𝑐𝑐(𝑥𝑥) and 𝜌𝜌(𝑥𝑥) are wave propagation velocity and mass density, respectively. 𝜕𝜕𝑖𝑖 
denotes partial derivative in the xi direction. Using the Rayleigh reciprocity theorem 






∗(𝑥𝑥𝐴𝐴,𝑥𝑥)𝜕𝜕𝑖𝑖𝐺𝐺�(𝑥𝑥𝐵𝐵, 𝑥𝑥)-(∂𝑖𝑖𝐺𝐺�∗(𝑥𝑥𝐴𝐴, 𝑥𝑥))𝐺𝐺�(𝑥𝑥𝐵𝐵,𝑥𝑥))𝑛𝑛𝑖𝑖𝑑𝑑2𝑥𝑥    (3) 
 
                   𝐺𝐺�ℎ(𝑥𝑥𝐴𝐴,𝑥𝑥𝐵𝐵) ≙ 𝐺𝐺�(𝑥𝑥𝐴𝐴, 𝑥𝑥𝐵𝐵) + 𝐺𝐺�∗(𝑥𝑥𝐴𝐴, 𝑥𝑥𝐵𝐵) = 2ℜ{𝐺𝐺�(𝑥𝑥𝐴𝐴, 𝑥𝑥𝐵𝐵)}                    (4) 
where 𝜕𝜕𝜕𝜕 is a closed surface, 𝑛𝑛 is a normal vector, ∗ denotes complex conjugation, and 𝑥𝑥𝐴𝐴 
and 𝑥𝑥𝐵𝐵 are presented inside 𝜕𝜕𝜕𝜕. However, Equation 4 is applied for lossless 
inhomogeneous acoustic medium. To make Equation 4 more suitable, some approaches 
have been introduced. For example, it is assumed that the medium is homogeneous and the 
parameters around this surface change smoothly, outside at the closed surface and along 
the closed surface (Wapenaar and Fokkema, 2006) that can be parameterized as             
                     2ℜ{𝐺𝐺�(𝑥𝑥𝐴𝐴, 𝑥𝑥𝐵𝐵)} ≈
2
𝑐𝑐𝑗𝑗 ∮ 𝐺𝐺
�∗(𝑥𝑥𝐴𝐴, 𝑥𝑥)𝜕𝜕𝜕𝜕 𝐺𝐺�(𝑥𝑥𝐵𝐵, 𝑥𝑥)𝑑𝑑
2𝑥𝑥            (5) 
 
Such an assumption might cause amplitude errors (Ramirez and Weiglein, 2009) and 
spurious issues (Wapenaar and Fokkema, 2006). However, since the phase is not affected, 
this approach can be used for seismic interferometry. If the sources are uncorrelated in time 
and space, the observed wavefields can be written as in equation 6 as follows: 
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𝑢𝑢�𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥𝐴𝐴) = � 𝐺𝐺�(𝑥𝑥𝐴𝐴
𝜕𝜕𝜕𝜕
, 𝑥𝑥)𝑁𝑁�(𝑥𝑥)𝑑𝑑2𝑥𝑥 
   (6) 




where 𝑁𝑁�(𝑥𝑥,𝜔𝜔) is the noise spectrum that fulfills Equation 7 
⟨𝑁𝑁�(𝑥𝑥)𝑁𝑁�∗(𝑥𝑥′)⟩ = 𝜌𝜌(𝑥𝑥 − 𝑥𝑥′)?̂?𝑆(𝜔𝜔)     (7) 
where 〈. 〉 corresponds to the spatial ensemble average, ?̂?𝑆(𝜔𝜔) is the power spectrum of the 
sources. Since 𝑁𝑁�(𝑥𝑥) and  𝑁𝑁�∗(𝑥𝑥′) are mutually uncorrelated noises, and ?̂?𝑆(𝜔𝜔) is the same 




⟨𝑢𝑢�𝑜𝑜𝑜𝑜𝑜𝑜∗(𝑥𝑥𝐴𝐴)𝑢𝑢�𝑜𝑜𝑜𝑜𝑜𝑜(𝑥𝑥𝐵𝐵)⟩     (8) 
Equation 8 is the fundamental equation of the cross correlation of the observed wavefields 
for generating the Green’s function or retrieve reflection response from passive source 
measurements for a receiver at point A with a source at point B (Wapenaar and Fokkema, 
2006). 
2.2 Cross-correlation Method 
There are some different correlation methods used in seismic interferometry like cross-
correlation, cross-coherence, deconvolution, focused blind deconvolution, coda 
correlation, and waveform cross-correlation. Some differences between cross-correlation, 
cross-coherence, and deconvolution methods regarding resolution are shown by Cao and 
Askari (2019). In our study, the cross-correlation method was used. With the cross-
correlation method, signals from underground sources are recorded by two stations 
(geophones), and Green’s function is extracted (Weaver and Lebkis, 2002; Derode et al., 
2003; Wapenaar, 2004; Larose et al., 2006; Curtis et al., 2006; Nakahara, 2006).  
 
Figure 1 shows the concept described above simply. A wavefield emitted from a subsurface 
source is recorded by the geophone when the wavefield reaches the earth’s surface (Figure 
1a). Then, when the wave reflected from the earth’s surface back to the subsurface, it is 
again reflected to the earth’s surface by a subsurface reflector and recorded by the other 
geophone (Figure 1b). The traces recorded by two geophones are cross-correlated, the 
common path is canceled and the path from the first receiver to the reflector and from the 
reflector to the second receiver remains. Thus, the seismic reflection response or Green’s 
5 
function observed by the second geophone is obtained as if there was a source in the 
location of the first geophone (Figure 1c). Therefore, a virtual shot gather is resulted in a 
single geophone location (Wapenaar et al., 2010a, and 2010b). 
 
 
Figure 1. The fundamental principle of reflected-wave interferometry (Schuster, 2001, 
2009). (a) The subsurface source is emitted a signal from underground to the surface and 
is recorded by a geophone. (b) A second geophone receives the signal by an underground 
scatterer. (c) The cross-correlation cancels the common path from the source to the first 
receiver.  
2.3 2D Finite-Difference Wavefield Modeling Software 
I used an open source 2D finite-difference wavefield modeling (fdelmodc) program 
developed to produce seismic waves from source points that are located below the surface. 
This code is based on the use of Seismic Unix interface. The fdelmodc can be used for 
acoustic, elastic, visco-acoustic, and visco-elastic modeling. In this study, I used acoustic 
modeling. When the fdelmodc performing modeling, it calculates the 2D wave equation 
(Equations 9-10-11) approximating the derivatives in the wave equation with the help of 
finite differences. In the 2D wave equation, first order linearized components are defined 



























where 𝑉𝑉𝑥𝑥 and 𝑉𝑉𝜕𝜕 the components of the particle velocities in the x and z directions, 𝑃𝑃 is the 
acoustic pressure, 𝜌𝜌 is the density of the medium, and 𝜅𝜅 is the compressibility. 
To calculate the partial derivative in a grid point, four grid numbers are required 














+ 0𝛥𝛥𝑥𝑥4       (12) 
 
The medium parameters used in the fdelmodc program are given by 
(𝜆𝜆 + 2𝜇𝜇) = 𝑐𝑐2𝜕𝜕𝜌𝜌 =
1
𝜅𝜅
                           (13) 
𝜇𝜇 = 𝑐𝑐2𝑆𝑆𝜌𝜌                                             (14) 
where 𝜌𝜌 is the medium density, 𝑐𝑐𝜕𝜕 is the P-wave velocity, 𝑐𝑐𝑆𝑆 is the S-wave velocity, 𝜆𝜆 and 
𝜇𝜇 are the Lame parameters, and 𝜅𝜅 is the compressibility. Fdelmodc can simulate an ANSI 
data acquisition for given recording time, source distribution and number of sources for 
(Thorbecke and Draganov, 2011).  
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3. Methodology 
In this section, first, I explain the parametrization used in 2D finite-difference wavefield 
modeling code (Thorbecke, 2011). Then, I present three geological models, which are a 
flat-layered model, anticline model with a moderate steep and an anticline with a high 
steep. In addition, I show different sources distributions that I used for my modeling from 
deep to the surface. While doing this, four different noise boundaries are created, and 
models are retrieved with these randomly distributed noise sources in these boundaries. 
These four boundaries are used for two different geometries, which are surface and zero-
offset VSP. Each trace in the noise panel obtained after modeling is cross correlated with 
all other traces. Finally, different data processing steps that I applied to ANSI data for 
surface and VSP data acquisitions are presented.  
3.1 2D Finite Modeling 
In the 2D finite-difference (FD) method, we should be aware of the possibility of 
generating some artifacts such as dispersion. If the conditions given in Equation 15 are not 
met, FD will produce dispersed waves. This is controlled by the 𝑓𝑓𝑚𝑚𝑚𝑚𝑥𝑥 parameter used in 
the program. In such a case, by choosing a frequency higher than the maximum frequency 
in the source wavelet, the dispersion issue can be resolved (Thorbecke, 2019). 
Δℎ < 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
5𝑓𝑓𝑚𝑚𝑚𝑚𝛥𝛥





where 𝑐𝑐𝑚𝑚𝑖𝑖𝑚𝑚 denotes the minimum P-wave velocity, 𝑓𝑓𝑚𝑚𝑚𝑚𝑥𝑥 represents the maximum 
frequency of the signal coming from sources, 𝜆𝜆𝑚𝑚𝑖𝑖𝑚𝑚 corresponds to minimum wavelength, 
and ∆ℎ corresponds to the discretization step. 
For a given maximum frequency, the FD code can generate seismic wavelet with different 
durations. Figure 2a shows 20 random source signatures with varying time duration (the 
maximum time is 5s) and Figure 2b shows one source’s signature, Figure 2c shows the 
amplitude spectrum of the random source signature. We note that in this case, the 
maximum frequency is set 24 Hz to avoid dispersion. In addition, the beginning and end 
of the signals are smoothly extrapolated to further avoid dispersion and suppress high 
frequencies (see Figures 3a and 3b). Noise signals are generated by assigning random 
values to the amplitude and phase values of the source signal according to the given 
maximum frequency (fmax) (Thorbecke and Draganov, 2011). The source signature of the 









Figure 2. (a) The 20 random sources signatures with varying source duration. (b) One 








Figure 3. (a) shows the beginning and (b) shows the end of the signal amplitude presented 




3.1.1 Geological models 
I consider three different geological models (Figure 4, Figure 5, and Figure 6), which are 
flat, anticline and anticline-syncline models. These models have different level of 
complexity from a homogenous (i.e., flat layering) to more complex (i.e., anticline-
syncline). Layer 3 is assigned as a coal/reservoir layer in these models with proper velocity 







Figure 4. An acoustic velocity model with flat layers that are combined surface seismic and 
zero-offset VSP geometry. The green lateral line shows geophone array for surface seismic 
geometry. Blue triangles (  ) correspond to 201 geophones that are placed on the free 
surface. L3 (covered by yellow-dashed area) corresponds to the coal layer. The geophones 
are layered on the free surface between 0 m to 10,000 m. The vertical orange line shows 
VSP line, the red triangles (   ) (101geophones) show the array of the geophones, which 
are layered between 1,000 m and 3,000 m, used in the VSP geometry. 
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Figure 5. An acoustic velocity model with anticline layers that are combined surface 
seismic and zero-offset VSP geometry. The green lateral line shows geophone array for 
surface seismic geometry. Blue triangles (   ) correspond to 201 geophones that are placed 
on the free surface. L3 (covered by yellow-dashed area) corresponds to the coal layer. The 
geophones are layered on the free surface between 0 m to 10,000 m. The vertical orange 
line shows VSP line, the red triangles (    ) (101geophones) show the array of the geophones, 





Figure 6. An acoustic velocity model with 3 anticlines and 1 syncline that are combined 
surface seismic and zero-offset VSP geometry. The green lateral line shows geophone array 
for surface seismic geometry. Blue triangles (  ) correspond to 201 geophones that are 
placed on the free surface. L3 (covered by yellow-dashed area) corresponds to the coal 
layer. The geophones are layered on the free surface between 0 m to 10,000 m. The vertical 
orange line shows VSP line, the red triangles (  ) (101geophones) show the array of the 
geophones, which are layered between 1,000 m and 3,000 m, used in the VSP geometry. 
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3.1.2 Surface data acquisition and processing 
In surface seismic data processing, for a given geological model, I created noise panels. 
Then, by applying cross-correlation, I obtained virtual shot gathers. In the next step, the 
virtual shot gathers were merged and sorted into CMP gathers. After performing velocity 
analysis, NMO correction was applied and events in CMP gathers were flattened. In the 
last step, all traces were stacked and retrieved reflection response of the underground (for 
anticline model, flat model, and anticline-syncline model). All these steps performed are 
shown in Figure 7. The acquisition parameters used for the surface seismic are also shown 
in Table 1. 
 
Figure 7. The processing flow of the surface seismic interferometry 
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Table 1. Acquisition parameters used in surface seismic 
PARAMETERS VALUES 
Number of Sources 5-20-500 
Source Spacing 10 m 
The First Source’s Depth 100 m 
The Last Source’s Depth 3,900 m 
Number of Receivers 201 
Receiver Interval 50 m 






3.1.3 Zero-Offset VSP  
For the zero-offset VSP data acquisition, the geophones are assumed to be in a borehole 
within the centers of the geological models. The VSP line has an extension on from 1,000 
m to 3,000 m below the surface. The number of receivers and receiver interval change with 
respect to the acquisition parameters used in the zero-offset VSP (Table 2). The vertical 
distance between geophones is 20 m, resulting in 101 geophones. As a result of cross 
correlation, 101 traces and 101 virtual shot gathers will be generated. 
I applied several data processing steps to the data from zero-offset VSP interferometry. 
First, I picked energy centers on the zero-amplitude line corresponding to peak time. Then, 
I separated wavefields by frequency-wavenumber filtering method. After separation, static 
correction was done. In the next step, upgoing wavefield was flattened. Thereby, the 
upgoing waves are shifted by the picked times to obtain two-way travel time. Finally, 
corridor stacking was performed. After these processing steps, the reflection response of 
















Table 2. Acquisition parameters used in zero-offset VSP 
PARAMETERS VALUES 
Number of Sources 5-20-500 
Source Spacing 10 m 
The First Source’s Depth 100 m 
The Last Source’s Depth 3,900 m 
Number of Receivers 101 
Receiver Interval 20 m 






3.2 Noise Boundaries 
In study, I consider four noise boundaries in which I assume the noise sources are located. 
While the depth ranges of these boundaries are the same (100 m to 3,900 m), their 
horizontal ranges are different (Figure 9 and Table 3). Noise boundary 1 ranges from 4,500 
m to 5,500 m (horizontal direction); noise boundary 2 from 4,000 m to 6,000 m; noise 
boundary 3 from 2,000 m to 8,000 m, and noise boundary 4 from 100 m to 9,900 m. For a 
given geological model and noise boundary, I consider three numbers of source (5, 20, and 
500). Sources are simultaneously excited and recorded by geophones for a duration of 120 
seconds.  
72 seismic sections are obtained from four noise boundaries, three number of noise sources, 
and three geological models based on surface and zero-offset VSP data acquisitions.   
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Figure 9. Four different noise boundaries for surface seismic geometry and zero-offset VSP 
geometry used in this study. The lateral horizontal dark purple line on the surface shows 
the surface seismic geometry. The vertical thick yellow line shows the VSP tool positioned 
(5,000 m, 3,000 m). The noise boundary 1 (vertical red dashed lines) laterally extends from 
4,500 m to 5,500 m; the noise boundary 2 (vertical green dashed lines) laterally extends 
from 4,000 m to 6,000 m; the noise boundary 3 (vertical blue dashed lines) laterally extends 
from 2,000 m to 8,000 m, and the noise boundary 4 (vertical orange dashed lines) laterally 




Table 3: Noise boundaries used for 5, 20, and 500 sources 
 
3.3 The Cross-correlation of Zero-Offset VSP and Seismic 
Interferometry 
After running the model, a cross-correlation procedure is carried out. At this stage, noise 
panels are produced for surface seismic geometry. In surface seismic geometry, before 
cross-correlation, RMS normalization is performed to smooth by the amplitude variations 
in noisy data. Thus, an equal contribution is obtained from each trace. Then, cross 
correlation is applied to the normalization data. To obtain the correlation panel, a trace 
from the data is extracted as a master trace, which is the trace in the position in which a 
virtual source is located. The virtual shot gathers are obtained by cross correlating this 
master trace with all other traces. Figure 10 shows the cross-correlation procedure in 
surface seismic geometry. 
 
Figure 10. The surface seismic cross-correlation procedure in seismic interferometry. (   ) 
represents the geophone, while (   ) corresponds to the source. N denotes the last 
geophone. 
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To show how a virtual shot record from surface data is generated, I obtained a noise panel 
by using 20 sources within boundary 1 in the anticline seismic model (Figure 11a). From 
noise panel, a master trace, which is trace 101, is selected (Figure 11b). Then, the master 

































                 
 
Figure 11. (a) The 120 s long acoustic transmission response (noisy data). (b) The master 
trace 101 among all 201 traces. (c) The reconstructed reflection response or virtual shot 









The same procedure is applied to the zero-offset VSP method. After creating a noise panel, 
the RMS normalization is performed to avoid amplitude changes. Then, the cross 
correlation is applied to the normalized noisy VSP data as a pre-processing. In the zero-
offset VSP method, geophones are vertically located inside the borehole. While performing 
the cross-correlation process, the first geophone inside the borehole is selected as the 
master trace and is cross-correlated with all other traces. After, the second geophone is 
selected, and the same process is applied. In this way, the cross-correlation process is 




Figure 12. The cross-correlation procedure for the zero-offset VSP interferometry. This 
figure was generated utilizing Matsushima (2016). 
 
To show how a VSP virtual shot produced, again, I utilized 20 sources inside boundary 1 
in a flat VSP model to obtain a raw noise panel by the borehole geophone (Figure 13a). 
From this data, a master trace is selected (trace 4 out of the 101, Figure 13b). Then, the 
master trace is cross-correlated with other traces in the borehole to a virtual VSP shot gather 





























Figure 13. The retrieving VSP reflection response from noisy VSP data by cross-
correlation method. (a) shows uncorrelated noisy VSP data. (b) shows the first trace used 
in the cross-correlation as a master trace. (c) shows the virtual VSP shot gather after cross-
correlation method. 
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4. Processing Details 
4.1 Surface Seismic Geometry 
Using the 2D finite-difference wavefield modeling (fdelmodc) code, 2D velocity models 
have been created. Randomly distributed uncorrelated underground noise sources at a 
depth between 100 m and 3,900 m were recorded for 120 seconds, and by recording these 
sources by geophones, noisy data or known as acoustic transmission responses were 
obtained. Figure 14 shows the noisy or raw data, which is not correlated, of boundary 1 
that contains 20 sources in the anticline model as an example.  
 
Figure 14.  A raw data of 120 seconds long of boundary 1 for 20 sources. The noise sources 
starting from 100 m to 3,900 m depth and extend from 4,500 m-5,500 m lateral distance. 
In Figure 14, we note uneven amplitudes. To make the cross-correlation contributions of 
all traces equal, RMS normalization is applied. Then, cross-correlation is applied to obtain 
virtual shot gather. In surface seismic geometry, 101 out of a total of 201 geophones, that 
is, the geophone in the middle was used as the master trace and this was cross-correlated 
with all the other remaining traces. The virtual shot gathers, as known as reconstructed 
reflection response, obtained as a result of cross-correlation is compared corresponding to 
the different noise boundaries in Figures 15 (flat-layered model, Figures 16 (anticline 
model) and Figures 17 (anticline-syncline model) for 5, 20 sources, and 500 sources. In 
Figure 15, the reflection hyperbolas corresponding to the 4 flat layers in the flat-layered 
velocity model are seen at around 0.53s, 1.03s, 1.19s, and 1.79s (yellow). Reflection 
hyperbolas corresponding to the four anticlines in the anticline model are seen at around 
0.33s, 0.83s, 1.11s, 1.63s (yellow arrows in Figure 16). In Figure 17, the reflection 
hyperbolas corresponding to the 3 anticlines and 1 syncline in the anticline-syncline model 


































































































Figure 15. The comparison of virtual shot gathers of 5 sources (left-hand side), 20 sources 
(right-hand side), and 500 sources (bottom) for boundary 1, 2, 3, and 4 in Figure 15a, Figure 
15b, Figure 15c, and Figure 15d in the flat model, respectively. The yellow arrows 


































































































Figure 16. The comparison of virtual shot gathers of 5 sources (left-hand side), 20 sources 
(right-hand side), and 500 sources (bottom) for boundary 1, 2, 3, and 4 in Figure 16a, Figure 
16b, Figure 16c, and Figure 16d in the anticline model, respectively. The yellow arrows 

















































































































Figure 17. The comparison of virtual shot gathers of 5 sources (left-hand side), 20 sources 
(right-hand side), and 500 sources (bottom) for boundary 1, 2, 3, and 4 in Figure 17a, Figure 
17b, Figure 17c, and Figure 17d in the anticline-syncline model, respectively. The yellow 
arrows correspond to the reflections from four interfaces. 
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After obtaining virtual shot gathers, they were sorted into common midpoint (CMP) 
gathers. Then, a velocity analysis was performed on a selected group of CMP gather. Figure 
18 shows CMP gather 2000 for 500 sources boundary 1 for flat model regarding velocity 
analysis as an example. As a result of the velocity analysis, reflections showing hyperbolic 
behavior in CMP gathers were flattened by NMO correction and all wavelets were lined 
up to zero-offset times.  
By stacking after NMO correction, the ambient noise effect in the data is removed and the 
signal to noise ratio of the seismic data is enhanced. In other words, quality is increased. 
By repeating this process for all selected groups of CMP gathers in seismic data, a zero 
offset stacked image is obtained, which is the image of the model that was initially created 
with the fdelmodc program.  
Figures from 19 to 27 show unmigrated zero-offset figures for four boundaries about 5, 20 
sources, and 500 sources for flat, anticline and anticline-syncline models, respectively. In 
these figures, the x-axis shows offset (m), and the y-axis shows the time (s). As a result, 























































Figure 18. (a) Before velocity picking of CMP gather 2000 for 500 sources boundary 1. (b) 
After velocity picking of CMP gather 2000 for 500 sources boundary 1 in the flat model 


























Figure 19. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 



























Figure 20. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 



























Figure 21. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 


























Figure 22. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 




























Figure 23. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 
boundaries 1, 2, 3, and 4 for 20 sources about the anticline model, respectively. 
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Figure 24. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 



























Figure 25. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 





























Figure 26. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 




























Figure 27. (a), (b), (c) and (d) shows the unmigrated zero-offset sections obtained from 





When examining the retrieved unmigrated stacked sections for the flat, the anticline and 
the anticline-syncline models, it is observed that when the number of sources increase, 
which means that underground is illuminated more angles, the S/N ratio increases, and 
some artefacts become more improved as the noise boundary expands. These artefacts are 
clearly seen in the shallow parts of all models, especially when 5 sources are used. 
4.2 Zero-Offset VSP Geometry 
Figure 28 shows the noisy VSP data for the flat model using 20 randomly distributed 
sources in boundary 1 as an example. The horizontal axis shows the geophone number 
while the vertical axis shows the recording time. For the flat model, anticline model, and 
anticline-syncline model, I got 36 noisy VSP data for boundaries 1, 2, 3, and 4. 
After running models and obtaining uncorrelated noisy VSP data, I used MATLAB 
software for VSP cross-correlation, and I got 36 virtual VSP shot gather for flat, anticline, 
and anticline-syncline models regarding all boundaries.  
Figures 29-30-31 show virtual VSP shot gathers for a flat model corresponding to the four 
boundaries for 5, 20, and 500 sources, respectively.  Figures 32-33-34 show virtual VSP 
shot gathers for an anticline model corresponding to the four boundaries for 5, 20, and 500 
sources, respectively. Finally, Figures 35-36-37 show virtual VSP shot gathers for an 
anticline-syncline model corresponding to the four boundaries for 5, 20, and 500 sources, 
respectively.  In all virtual VSP shot gathers, red arrow shows downgoing primary wave 





Figure 28. The noisy VSP data for the flat model using 20 randomly distributed sources in 
boundary 1 as an example. The horizontal axis shows the geophone number while the 



























Figure 29. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the flat model using 5 sources, respectively. The red arrow 
shows downgoing primary wave or first-break curve, the yellow arrows show downgoing 















Figure 30. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the flat model using 20 sources, respectively. The red arrow 
shows downgoing primary wave or first-break curve, the yellow arrows show downgoing 
















Figure 31. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the flat model using 500 sources, respectively. The red arrow 
shows downgoing primary wave or first-break curve, the yellow arrows show downgoing 
















Figure 32. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline model using 5 sources, respectively. The red 
arrow shows downgoing primary wave or first-break curve, the yellow arrows show 
















Figure 33. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline model using 20 sources, respectively. The red 
arrow shows downgoing primary wave or first-break curve, the yellow arrows show 
















Figure 34. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline model using 500 sources, respectively. The red 
arrow shows downgoing primary wave or first-break curve, the yellow arrows show 
















Figure 35. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline-syncline model using 5 sources, respectively. The 
red arrow shows downgoing primary wave or first-break curve, the yellow arrows show 















Figure 36. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline-syncline model using 20 sources, respectively. 
The red arrow shows downgoing primary wave or first-break curve, the yellow arrows 
















Figure 37. (a), (b), (c), and (d) show virtual VSP shot gather after cross-correlation for 
boundaries 1, 2, 3, and 4 for the anticline-syncline model using 500 sources, respectively. 
The red arrow shows downgoing primary wave or first-break curve, the yellow arrows 
show downgoing multiples, and the blue arrows show upgoing waves. 
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After getting the 36 virtual VSP shot gather, I performed some processing steps for zero 
offset VSP acquisition. In the first step, I picked maximum energy center points of traces 
corresponding to maximum amplitude on downgoing primary trend because the traces in 
the VSP data I obtained after cross-correlation contain zero-phase wavelets. In Figure 38, 
Figure 38a shows boundary 1 containing 20 sources in the flat model as an example. In the 
example data, the red line shows downgoing primary, yellow arrows show downgoing 
multiples, and blue arrows show upgoing waves or reflections. The rectangular area in 
Figure 38a shows the traces between 21 and 31 closely how to pick the arrivals’ central 














Figure 38. (a) shows the VSP data containing 20 sources for boundary 1 in the flat model. 
The red line shows downgoing primary, the yellow arrows show downgoing multiples, and 
the blue arrows show upgoing waves or reflections. (b) shows the rectangular section 
closer. This section was chosen as an example in terms of showing the central points of 
maximum energy (red dashes) picked on the traces between the 21st and 31st traces. x-axis 
shows trace numbers while y-axis shows time (s). 
 
After picking the traces, I set up the geometry to my data by loading the times picked, 
geophone interval, and depth values of the geophones to the header, which start from 1,000 
m to 3,000 m, in the borehole. Figure 39 shows this data that is loaded the geometry 
duration of 2 seconds. The red line shows downgoing primary wave, the yellow arrows 
show downgoing multiples, and the blue arrows show upgoing waves.  
In the second step of the VSP processing, since the VSP data contains downgoing 
wavefield, as well as upgoing wavefield and they have different slopes, and they interfere 
with each other, these wavefields must be separated from each other. For the separation of 
the wavefields, two methods are used commonly. They are median filtering and frequency-
wavenumber filtering. I used frequency-wavenumber filtering. For this, the data is taken 
from the time domain to the frequency domain by 2D Fourier Transform. The downgoing 
wavefield has a negative slope and is located in the positive quadrant while the upgoing 
wavefield has a positive slope and is located in the negative quadrant. With frequency-
wavenumber filtering, the upgoing wavefield is separated from the downgoing wavefield 




Figure 39. The VSP data obtained by adding geophone depth values in the borehole. The 
red line shows the picked traces in Figure 38a. The red line shows downgoing primary 

























Figure 40. Separation of the downgoing wavefield and the upgoing wavefield. (a) shows 
before frequency-wavenumber filtering. (b) shows the upgoing wavefield positioned in the 
negative quadrant. (c) shows the downgoing wavefield positioned in the positive quadrant. 
The data that was used in the fdelmodc for VSP was 24 Hz, which can be seen in the Figure. 




After filtering the downgoing wavefield, both wavefields have been obtained with a time-
depth figure (Figure 41 and Figure 42). As can be seen, the downgoing and upgoing that 
coincides are separated from each other successfully by frequency-wavenumber (f-k) 
filtering.  
In the next step, all traces in the VSP data are shifted using the first arrival time. Therefore, 
upgoing events reduced to the time they can be recorded. Thereby, all traces in the upgoing 
wavefield are aligned and flattened (Figure 43). Thus, one-way time is transformed into 
two-way travel time (TWT).  
The last step is stacking the traces. The flattened upgoing wavefield is used for building 
corridor stacks, which can be used to compare with the results of the surface seismic 
acquisition. There are two issues here. One is using the inside corridor stack, which 
contains primary events and multiples. The second is using the outside corridor stack, 
which is multiple-free and has only primary events. I used the outside corridor stack, 
containing 10 traces inside of the red region (Figure 44). Note that the one-way time (owt) 
is transformed into two-way travel time (TWT). 
After zero-offset processing steps, I combined surface seismic data and VSP data (Figure 
45). To look closely, I spliced took 10 VSP traces that have been obtained by processing 
into 10 seismic traces that are just behind the 10 VSP traces (Figure 46). 
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Figure 41. The separated upgoing wavefield. The red line shows the P-wave downgoing 




Figure 42. The separated downgoing wavefield. The red line shows the P-wave downgoing 





Figure 43. The flattened upgoing wavefield. The red narrow corridor corresponds to the 
outside corridor stack, containing 10 traces. The receivers on the VSP in the borehole are 







                       
Figure 44. The corridor stack that consists of 10 traces corresponding to the red narrow 





Figure 45. The combined surface seismic and zero-offset VSP data. The yellow arrows 
show the reflections from interfaces in the surface seismic flat model. The rectangular area 
in the middle corresponds to the 10 traces of the zero-offset VSP positioned offset between 




Figure 46. The wiggle Figure of splicing the corridor stack into the surface seismic between 







4.3 Synthetic Seismogram 
A synthetic seismogram is an important tool that provides the link between well and 
seismic data. Thanks to synthetics, seismic interpretation becomes easier. By combining 
seismic, VSP, and synthetic, events corresponding to geological structures in the seismic 
data can be detected more easily. The events that are not seen in the surface seismic can be 
detected. To produce a synthetic seismogram, a model that consists of velocities and 
densities is required. Then, with the help of the velocities and densities, the acoustic 
impedances are calculated first. After, the series of reflection coefficients are calculated by 
acoustic impedances. To produce a synthetic seismogram, the source wavelet is convolved 
with this reflection coefficient series.  
As the last step of this thesis, I used and developed a ready code that generates synthetic 
seismograms using MATLAB software to determine whether VSP or seismic is better in 
determining the coal layer (the region marked with yellow dashes in the models) and see 
whether factors such as the number of sources and noise boundaries are effective in this 
detection or not. In this code, I used Ricker or zero-phase wavelet as the source wavelet. 
Before comparison, I applied a geometric spreading correction to all seismic and VSP data 
because the wave amplitude decays on the wavefront when the expansion of the wavefront. 
I also applied automatic gain control to amplify the reflections from deeper formations. 









By applying the cross-correlation method for the surface seismic and the zero-offset VSP 
methods, virtual shot gathers corresponding to the different number of sources and noise 
boundaries for three different models have been obtained. Figures 15-16-17 show the 
seismic virtual shot gathers obtained for flat model, anticline model and anticline-syncline 
model. For the surface seismic, zero-offset stacked sections were obtained as a result of the 
required data processing steps. Figures 19-20-21 show flat model results, Figure 22-23-24 
show anticline model results, and Figure 25-26-27 show anticline-syncline model results, 
respectively. 
For the VSP method, virtual shot gathers are shown in Figure 29-37. Figures 29-30-31 
show flat model results, Figures 32-33-34 show anticline model results, and Figures 35-
36-37 show anticline-syncline model results for virtual VSP shot gathers. 
After the data processing steps for surface seismic and zero-offset VSP, the surface seismic 
and zero-offset VSP were combined and 10 traces were selected. With the help of 
MATLAB software, 10 synthetic traces were also produced and two methods were 
compared each other. 
Figures 47-58 show the retrieved surface seismic and combined with VSP, the seismic 
seismogram, VSP seismogram, and synthetic seismogram comparison for boundary 1, 2, 
3, and 4, which has 5, 20, and 500 sources for the flat model, respectively. The reflections 
from four interfaces are seen in 0.53 s, 1.03 s, 1.19 s, and 1.79 s for flat model, 12 results 
in total. In these figures, the yellow arrow shows the reflection from the coal layer, and the 
red rectangular boxes show the reflections from interfaces.  
According to the flat model results, the surface seismic method is more successful to solve 
the coal layer than the zero-offset VSP method (the 2nd red rectangular box in (c) in Figures 
47-58). The surface seismic method also solves the other reflections better than the zero-
offset VSP method. Both methods sometimes have been unsuccessful to solve the fourth 
reflection (Figure 47-48-49-50). We also see that when the number of source increase, 
meaning higher signal/noise ratio, surface seismic starts solving the reflections from the 
4th interfaces, gradually (in (c) in Figures 51-58).  
Figures 59-70 show the retrieved surface seismic and combined with VSP, the seismic 
seismogram, VSP seismogram, and synthetic seismogram comparison for boundary 1, 2, 
3, and 4, which have 5, 20, and 500 sources for the anticline model, respectively. The 
reflections from four interfaces are seen in 0.33 s, 0.83 s, 1.11 s, and 1.63 s for anticline 
model, 12 results in total. In these figures, the yellow arrow shows the reflection from the 
coal layer, and the red rectangular boxes show the reflections from interfaces. 
According to the anticline model results, the zero-offset VSP method is more successful to 
solve the coal layer than the surface seismic method (the red rectangular box in (b) 
corresponding to second anticline structure by the yellow arrow around 0.81 s). Generally, 
84 
both methods are good to solve the 1st reflection together in (b) and in (c). The surface 
seismic method is successful to solve the 3rd reflection from (the red rectangular box 
around 1.11 s) better than the zero-offset VSP method. Both methods, in general, have 
failed to solve the 4th reflection. 
Figures 71-82 show the retrieved surface seismic and combined with VSP the seismic 
seismogram, VSP seismogram, and synthetic seismogram comparison for boundary 1, 2, 
3, and 4, which has 5, 20, and 500 sources for the anticline-syncline model, respectively. 
The reflections from four interfaces are seen in 0.2 s, 0.65 s, 0.81 s, and 1.91 s for anticline 
model, 12 results in total. In these figures, the yellow arrow shows the reflection from the 
coal layer, and the red rectangular boxes show the reflections from interfaces. 
As for the most complex model, anticline-syncline, sometimes the surface seismic method 
is successful to solve the 3rd reflection from (the red rectangular box around 0.81 s) better 
than the zero-offset VSP method, sometimes the zero-offset VSP method is better than the 
surface seismic method. When we look at the Figures, in general, the VSP has been 
unsuccessful to detect the reflections. The surface seismic method solves the 1st reflection 
better than the zero-offset VSP method. Also, both methods have been unsuccessful to 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Vertical Seismic Profiling (VSP) can be used to complement the surface seismic data 
acquisition in ANSI surveys. According to my results, the VSP method is sometimes 
helpful in determining the coal/reservoir (target layer) layer. The performance of VSP 
highly depends on the distribution of subsurface noises. If the noise sources are located 
close to the VSP borehole, in particular, below it, cross-correlation more constructively 
produces virtual VSP shot gathers, hence, VSP can reveal some subsurface layers. At the 
same time, the surface seismic renders poor results because the performance of the surface 
seismic highly depends a wide and homogenous distribution of seismic noises.  
On the other hand, if the noise distribution is wide, the surface seismic can provide 
satisfactory results because not only this noise geometry can cause cross-correlation to 
produce more coherent virtual surface shot records, the multiple artifacts are also 
attenuated. At the same time, the zero-offset VSP performs weakly because this source 
geometry does not produce the VSP virtual shot records with a high signal to noise ratio. 
While I showed some promising results of the zero-offset VSP, I would like to highlight 
that the VSP results would have been further convincing if more realistic simulation had 
been run. I did not consider the intrinsic absorption in my simulations (visco-acoustic 
modeling). Since in the surface seismic, way paths are longer compared to the zero-offset 
VSP, I expect that VSP signals should be less affected by the intrinsic absorption, and 
hence, have a higher quality in the real scenarios. In addition, unlike VSP, the surface 
seismic data acquisition always suffers from the surface waves (Rayleigh waves), and 
therefore, it is another factor that negatively affects the performance of the surface seismic 
results compared to VSP in the real ANSI surveys. 
122 
7. Conclusions 
Ambient noise seismic interferometry (ANSI) has been increasingly used in recent years 
as it utilizes underground noise sources. It can be used in challenging terrains, urban areas, 
and is cost-efficient compared to seismic that uses active sources such as vibroseis, 
dynamite, air gun, or hammer. In using these underground noise sources, numerical 
modeling is an important tool retrieving reflections of underground structures. 
In this study, with the help of 2D finite modeling, we examined three different velocity 
models, which contain a model that consists of anticlines structures, flat layers, and a model 
consisting of anticlines and syncline, for surface seismic and zero-offset VSP methods. We 
created a target (coal layer) zone and tried to determine under which conditions the surface 
seismic method or zero-offset VSP method can detect the coal layer more successfully by 
using the different number of sources and different noise boundaries. 
We observed that the zero-offset VSP method was generally successful in anticline model 
to detect the coal layer whereas the surface seismic method was more successful in the flat 
model and anticline-syncline model to detect the coal layer. 
The increase in the number of sources and extending the noise boundaries improve the S/N 
ratio of the retrieved reflections. In flat model, the surface seismic solves reflections from 
coal layer (the one that is shown the yellow arrow) better than the VSP method. As for the 
anticline model, the zero-offset VSP method solves the reflections from the coal layer (the 
one that is shown the yellow arrow) better than the seismic method. Finally, for the 
anticline-syncline model, the surface seismic method solves the reflections from coal layer 
(the one is shown the yellow arrow) better than the zero-offset VSP method.  
In real conditions, noise distribution is not spatially wide (limited) and we would not have 
many sources. Also, geological layers are not flat. In a reservoir, for example, most of noise 
activity comes from some reservoir changes like fracturing or fault movement. Regarding 
our research, we concluded that when the model becomes complex, source distribution is 
narrow and when we have a few sources, the VSP method can help detect the layers that 
cannot detected by the seismic method. I propose that the VSP method may be helpful for 
seismic method if the geological conditions are not ideal. Generally, the surface seismic 
method is better but the VSP method can help to have a better insight of subsurface for 
complex situations. So, the zero-offset VSP method can be complementary to the surface 
seismic method, and it can be reached more accurate results if surface seismic and the zero-
offset VSP methods used together. 
Producing more and more models, using deconvolution or cross-coherence methods 
instead of the cross-correlation method, increasing the number of noise sources and 
recording times, and utilizing commercial software that can use some special processing 
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9. Appendix A) Zero-Offset VSP Cross-correlation 
MATLAB Code 
 
% Zero-Offset VSP Cross-correlation Script 
 
%% Reading .segy file 
 [Data,SegyTraceHeaders,SegyHeader]=ReadSegy(filename) 
xlabel('Trace Number');ylabel('Time (s)' 
 
%% Cross-correlation of master trace with the other traces 
 master_trc=Data(:,1); 
 for i=1:size(Data,2) 
    CORR_Trc(:,i)=xcorr(master_trc(:,1),Data(:,i)); 
end 
 
















set nrec = 98 
set tmax = 2.0 
 
sushw < rejected.su key=scalel,gelev a=-1,10600 b=0,200 > rejected_geom.su 
 
awk ' { print $1, $2 } ' pickfile_excel.txt  > pickfile_excel.txt.tmp 
 
# display timepick 
suwind < rejected_geom.su tmax=$tmax | suxwigb windowtitle="timepick" perc=99 \ 
 curve=pickfile_excel.txt.tmp npair=$nrec,1 curvecolor=red style=vsp key=gelev 
label1="owt(s)" label2=depth"(m)"& 
 
# inject the timepick to data 
# prefer to inject in full wavefield, so the headers kept in subsequent process 
awk '{print $1*1000}' pickfile_excel.txt.tmp > pickfile_excel.txt.tmp2 
 
a2b < pickfile_excel.txt.tmp2 n1=1 > rejected_fa.bin  
b2a < rejected_fa.bin n1=1 > tmp.ascii  
sushw < rejected_geom.su infile=rejected_fa.bin key=tstat > rejected_geom.su.pick 
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# check if headers are present 
#sugethw < $inp.pick key=tstat,tracf | head -n 10 
 
# f-k filtering 
# downgoing 
sudipfilt < rejected_geom.su.pick dx=20 dt=0.008 slopes=-0.0005,-0.0002,0.0 
amps=0,0,1 > rejected_geom.su.pick.dn.fkfilt.su 
# upgoing 
sudipfilt < rejected_geom.su.pick dx=20 dt=0.008 slopes=0.0,0.0002,0.0005 amps=1,0,0 
> rejected_geom.su.pick.up.fkfilt.su 
 
suwind tmax=$tmax < rejected_geom.su.pick.dn.fkfilt.su | suxwigb windowtitle="Dn 
after FK" perc=99 \ 
  curve=pickfile_excel.txt.tmp npair=$nrec,1 curvecolor=red style=vsp key=gelev 
label1="owt(s)" label2=depth"(m)"& 
 
suwind tmax=$tmax < rejected_geom.su.pick.up.fkfilt.su | suxwigb windowtitle="Up 
after FK" perc=99 \ 
  curve=pickfile_excel.txt.tmp npair=$nrec,1 curvecolor=red style=vsp key=gelev 
label1="owt(s)" label2=depth"(m)"& 
 
# again, check if headers present after f-k 
sugethw < rejected_geom.su.pick.up.fkfilt.su key=tstat,tracf,gelev | head -n 10 
 
# flattening the upgoing 
awk '{print $1*2,$2}' pickfile_excel.txt.tmp > pickfile_excel.txt.twt.tmp2 
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sustatic < rejected_geom.su.pick.up.fkfilt.su hdrs=1 sign=-1 > 
rejected_geom.su.pick.up.fkfilt.flat.su  
 
#suwind tmax=$tmax < $inp.pick.up.fkfilt.flat.su | suxwigb windowtitle="input FK Flat" 
perc=99 \ 
# curve=$tt.twt.tmp2 npair=$nrec,1 curvecolor=red key=gelev label1="twt(s)" 
label2=depth"(m)"& 
 
# corridor stack 
 
# set parameter 
# corridor design, mute before Transit Time 
# add $corridor window after transit time 
# last 5 traces stacked entirely, not as corridor  
# compare with display 
set corridor = 0.1 #s 
set except_last_trace = 5 
@ last_rec = ( $nrec - $except_last_trace ) 
 
awk -v corridor=$corridor -v last_rec=$last_rec \ 
 'BEGIN {i=1}{if (i<=last_rec){print (($1*2)+corridor), $2} else {print 9,$2} 
i++}' pickfile_excel.txt.tmp \ 
 | awk '{ printf "%4f %d\n", $1, $2 }' > pickfile_excel.txt.inside  
 
awk '{ printf "%4f %d\n", $1*2, $2 }' pickfile_excel.txt.tmp > pickfile_excel.txt.outside 
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# depth header 
awk '{print $2*10}' pickfile_excel.txt.tmp > xfile.tmp 
a2b < xfile.tmp n1=$nrec> xfile.bin 
 
awk '{print $1}' pickfile_excel.txt.inside > tfile.inside.tmp 
a2b < tfile.inside.tmp n1=$nrec> tfile.inside.bin 
 
awk '{print $1}' pickfile_excel.txt.outside > tfile.outside.tmp 
a2b < tfile.outside.tmp n1=$nrec> tfile.outside.bin 
 
# display corridor window 
# mute before TT 
sumute < rejected_geom.su.pick.up.fkfilt.flat.su key=gelev nmute=$nrec xfile=xfile.bin 
tfile=tfile.outside.bin mode=0 \ 
 | suwind tmin=0 tmax=$tmax \ 
 | suxwigb perc=99.9 windowtitle="Flat Upgoing after FK (nodecon)"  key=gelev \ 
 curve=pickfile_excel.txt.inside,pickfile_excel.txt.outside npair=$nrec,$nrec 
curvecolor=red label1='TWT (s)' label2='depth'& 
 
# mute between corridor and stack 
sumute < rejected_geom.su.pick.up.fkfilt.flat.su key=gelev nmute=$nrec xfile=xfile.bin 
tfile=tfile.outside.bin mode=0 \ 
 | sumute key=gelev nmute=$nrec xfile=xfile.bin tfile=tfile.inside.bin mode=1 \ 




# display corridor stack  
suwind < rejected_geom.su.pick.up.fkfilt.flat.cstack.su tmin=0 tmax=$tmax \ 
 | suxwigb perc=99 xbox=610 wbox=200 label1='TWT (s)' windowtitle='Corridor 
Stack'& 
 
# get surface seismic 
suwind < stack_after_NMO.su key=tracl min=100 max=200 tmin=0 tmax=$tmax | suchw 
key1=tracl key2=tracl a=-15> left.tmp.su 
suwind < stack_after_NMO.su key=tracl min=200 max=300 tmin=0 tmax=$tmax | suchw 
key1=tracl key2=tracl a=+15> right.tmp.su 
 
suwind < rejected_geom.su.pick.up.fkfilt.flat.cstack.su tmin=0 tmax=$tmax | suchw 
key1=tracl key2=tracl a=+100 > middle.cstack.tmp.su 
 
# combining surface seismic & VSP  
cat left.tmp.su middle.cstack.tmp.su right.tmp.su > splice.tmp.su 
suximage < splice.tmp.su perc=99 cmap=rgb1 windowtitle='Corridor Stack Spliced into 
Surface Seismic'&  
 
# clean up 
# rm *tmp* 













% Simple script to create a 1D synthetic seismogram by "convolving" a Ricker 
% wavelet with a reflection coefficient series.  Uses the function 
% "ricker.m", written by Dan Lizarralde, to define the source wavelet.   
% 
% OUTPUT:  Plots of the source function, and a three-panel plot showing:  
%                  (1) the velocity-depth function;  
%                  (2) the reflection coefficient series, and  
%                  (3) the synthetic seismogram  
%   
%  
% INPUT:    dt = time (seconds) interval of seismogram 
%                  thick = vector containing thicknesses of each layer (Note that 
%                              these are thicknesses, NOT depths! 
%                  v = vector containing velocity in each layer, plus one value for velocity 
%                         beneath the last boundary (e.g., if "thick" has 5 entries, then v must  
%                         have 6, etc.). 
%                  rho = vector containing the density of each layer; the same number of 
entries as v. 
%                   fw = center frequency of Ricker wavelet 
  





thick = [.5 1 .35 1.05 .8];                  % Thickness of layer above each reflector(s) 
v = [3.0 4.0 2.5 4.0 5.5 ];         % Velocity above each reflector; last velocity is for 
underlying half-space 





Nt=floor(2*sum(thick)/min(v)/dt);       % Length of seismogram (# of samples); using          
minimum velocity ensure long enough trace 
Tmax=(Nt-1)*dt;                                  % Maximum time of trace 
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taxis = [0:dt:Tmax];                              % Vector containing time axis (for plotting) 
seis=zeros(Nt,1);                         % Initialize seismic data 
  
v_half=v/2;                                  % Use half-velocity (for two-way traveltime) 
T1 = 0;                                         % initialize trace time 
zvplot=[]; depth=0; RCplot=[0 0]; 
source = ricker(49,dt,fw,.1); 
figure; plot(-25*dt:dt:23*dt,source); 
  
for n = 1:length(thick);                                                    % Loop over number of reflectors 
    RC(n) = (v(n+1)*rho(n+1) - v(n)*rho(n))/(v(n+1)*rho(n+1) + v(n)*rho(n));    % 
Reflection coeff 
    T1=T1 + thick(n)/v_half(n);                                % Two-way traveltime of this reflector 
    trace = RC(n)*ricker(Nt,dt,fw,T1); trace=trace';            % Trace with just this reflection  
    seis(1:Nt)= seis(1:Nt) + trace;                              % Seismogram (sum of all reflections) 
    depth = depth+thick(n);                                        % Depth of this reflector (for plotting) 
    zvplot = [zvplot; depth-thick(n) v(n); depth v(n)];  % Depth-velocity pairs (for 
plotting)  




zvplot= [zvplot; depth v(length(v)); depth*1.6 v(length(v))];    % Add another point in 
the "half-space" (for plotting/ 1.6 is arbitrary) 
RCplot = [RCplot; depth*1.6 0];                                                 % Ditto 
  
figure; set(gcf,'PaperPosition',[0.2500 2.5000 8 6],'Position',[125 471 1081 466]);  
subplot(1,3,1); plot(zvplot(:,2),zvplot(:,1));set(gca,'YDir','reverse'); axis([1 4 0 
depth*1.1]); xlabel('Vp'); ylabel('Depth(km)'); 
subplot(1,3,2); plot(RCplot(:,2),RCplot(:,1));set(gca,'YDir','reverse'); axis([-0.4 0.4 0 
depth*1.1]); xlabel('R.C.'); ylabel('Depth(km)'); 




 %% Loop for generating synthetic 10 traces 
  
for i=1:10                
    seis10m(:,i)=seis; 
end 
  
%% Reading VSP and Seismic Data 
 
[Data,SuTraceHeaders,SuHeader]=ReadSu('VSP_Data.su');              
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[Data2,SuTraceHeaders2,SuHeader2]=ReadSu('Seismic_Data.su');        














wiggle([0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8],taxis,seis10m,'VA') 
title('SYNTHETIC SEISMOGRAM') 
 
%% Generating Ricker Function 
 
function [S] = ricker(Nt,dt,fo,t0) 
      pi = 3.14159265; 
       
      br1 = (pi*fo)^2; 
      for it=1:Nt 
          time=(it-1)*dt; 
          br2=br1*(t0-time)^2; 
          S(it)=(1-2*br2)*exp(-1*br2); 
      end 
end 
 
 
 
 
